The early results and late developments are presented of a consecutive series of 36 patients who underwent anastomosis of the ascending aorta to right pulmonary artery during a six-year period for a variety of congenital malformations associated with cyanosis and severe pulmonary stenosis or atresia. Twenty-six were infants under one year of age, and 16 of these were under one month of age at the time of operation. The early operative mortality of 22% was related to the severity of the anomaly and the young age of the patient. There were no early deaths in those aged three months or more. If the anastomosis was patent, symptomatic relief was good. However, the long-term mortality was 53%. Except for one baby who died of an associated congenital anomaly, the deaths were related to some consequence of the Waterston anastomosis that was unforeseen at the time of its employment. These included obliteration of the anastomosis, kinking of the anastomosis with partial or complete interruption of continuity between right and left pulmonary arteries, obliteration of the right pulmonary artery, progressive severe obstruction to right ventricular outflow and decreased flow to the left lung, as well as the complications of an excessive shunt with cardiac failure and pulmonary vascular obstructive disease. One or more subsequent palliative operations were required in nine symptomatic patients. Of the ten children with tetralogy of Fallot who underwent later open-heart repair, four died because of the difficulty in takedown of the Waterston and relief of the acquired stenosis or atresia of the right pulmonary artery and of the right ventricular outflow tract and hypoplasia of the left pulmonary artery. This mortality rate of 40% in these tetralogies contrasts with a concurrent mortality rate of less than 5% in a consecutive series of 50 patients with a tetralogy who had not had a previous Waterston procedure. We believe that this form of palliation should be reserved for those symptomatic, cyanotic newborns who are candidates for palliative rather than reparative surgery and who are not suitable for a Blalock-Taussig or Potts anastomosis.
SUMMARY
The early results and late developments are presented of a consecutive series of 36 patients who underwent anastomosis of the ascending aorta to right pulmonary artery during a six-year period for a variety of congenital malformations associated with cyanosis and severe pulmonary stenosis or atresia. Twenty-six were infants under one year of age, and 16 of these were under one month of age at the time of operation. The early operative mortality of 22% was related to the severity of the anomaly and the young age of the patient. There were no early deaths in those aged three months or more. If the anastomosis was patent, symptomatic relief was good. However, the long-term mortality was 53%. Except for one baby who died of an associated congenital anomaly, the deaths were related to some consequence of the Waterston anastomosis that was unforeseen at the time of its employment. These included obliteration of the anastomosis, kinking of the anastomosis with partial or complete interruption of continuity between right and left pulmonary arteries, obliteration of the right pulmonary artery, progressive severe obstruction to right ventricular outflow and decreased flow to the left lung, as well as the complications of an excessive shunt with cardiac failure and pulmonary vascular obstructive disease. One or more subsequent palliative operations were required in nine symptomatic patients. Of the ten children with tetralogy of Fallot who underwent later open-heart repair, four died because of the difficulty in takedown of the Waterston and relief of the acquired stenosis or atresia of the right pulmonary artery and of the right ventricular outflow tract and hypoplasia of the left pulmonary artery. This mortality rate of 40% in these tetralogies contrasts with a concurrent mortality rate of less than 5% in a consecutive series of 50 patients with a tetralogy who had not had a previous Waterston procedure. We Between February 1967 and March 1973, 36 patients underwent an intrapericardial anastomosis between the ascending aorta and right pulmonary artery. Sixteen were newborns under one month of age and ten of these were less than one week old. Another ten were infants between one month and one year, and the remaining ten were over one year of age at the time of operation (table 1). All had complete cardiac catheterization with contrast visualization prior to the creation of the shunt. Eighteen had tetralogy of Fallot, seven of whom had pulmonary atresia; eight had tricuspid atresia, and ten had miscellaneous complex malformations in which there was pulmonary atresia or severe stenosis (table 2) .
In general, newborn patients who came to surgery had more complex and more severe cardiac malformations than Palliative operations were undertaken within two days to three years after the Waterston shunt because of symptoms in the patients. The shunt was inadequate in eight subjects, all of whom were under the age of four months at the time of the original operation. The ninth patient was an 11-year-old boy with single ventricle, who had outgrown a previously effective, but now small, left Blalock-Taussig anastomosis. The Waterston shunt resulted in cardiac failure and development of pulmonary hypertension documented at systemic levels seven months postoperatively ( fig.  1 ). An operation to decrease the size of that anastomosis failed and the child died.
In the eight patients in whom the shunt was too small initially, or else became so, an attempt to enlarge a restricted anastomosis was successful in one toddler and was impossible in another whose entire right pulmonary arterial tree was found to be fibrosed. This patient underwent a third operation, a Potts anastomosis, and has improved.
A second shunt procedure was employed as pallia- tion in six children under the age of three years. Three were Blalock-Taussig and three were Potts anastomoses. Two patients had tetralogy and the others had more complex anomalies. Both children with tetralogy died, one within a few hours after a Potts anastomosis proved to be too large. The other baby had a successful Blalock-Taussig anastomosis two days after a Waterston shunt that did not function. She died later of the effects of brain damage from a severe hypoxic spell two days after the Waterston shunt was performed. Open-heart surgery was carried out in ten patients. Eight operations were elective, in that the child was doing satisfactorily from the parents' point of view, with a seemingly well-functioning Waterston shunt. Two children had symptoms to indicate that the shunt was not functioning satisfactorily. The four deaths were due to difficulties directly related to the effects of Figure 1 Oversized anastomosis in eleven-year-old boy, S.T., with pulmonary pressure at systemic level whenr measured seven months following establishment of an aortico-right pulmonary arterial anastomosis that soon proved to be too large.
Selective injection into the ascending aorta shows opacification of both right and left branches without interruption of continuity but with evidence of far greater flnw into the much-enlarged right branch and only average flow into the left branch. This discrepancy was due to some kinking or angulation that interfered with flow to the left lung.
CirculationXVolinne 50 Auigutst 1974 the aortico-right pulmonary artery anastomosis. Six children with tetralogy are improved after open-heart surgery that was unusually difficult because of complications of the Waterston anastomosis, that were unforeseen at the time the anastomosis was created. These complications will be discussed later.
Survival
Of the 17 long-term survivors, four are doing satisfactorily with an adequate shunt and no medication. In addition to severe pulmonary stenosis or atresia, three of these have tricuspid atresia and the fourth, a single ventricle. No further surgery is contemplated.
Three others gradually developed cardiac failure because of the shunt's becoming excessive, but failure is well controlled on digitalis and medical management, and no further surgery is planned in two of these who have tricuspid atresia. The third, who has tetralogy of Fallot, is a likely candidate for open-heart surgery in the future. The six patients with tetralogy who survived reparative surgery are clinically well and asymptomatic although none has normal cardiovascular anatomy or physiology.
Effects, Functional and Anatomic
The results of the Waterston anastomosis should be judged not only by the adequacy of pulmonary flow, which determines its success as a palliative measure, but also by the anatomical effects on the right pulmonary artery and pulmonary arterial tree and on the right ventricular outflow tract. These considerations critically influence the outcome when intracardiac repair is attempted.
Functional Effects
The patient's benefit from this artificial patent ductus depends upon the degree of increase in pulmonary blood flow that is achieved. The adequacy of pulmonary flow was best judged clinically by noting the improved appearance and performance of the patient, by presence of a continuous murmur of a functioning anastomosis over the right or both lung fields, by radiologic signs of only slight increase in heart size and of average pulmonary vascularity in the two lung fields, by electrocardiographic evidence of increase in left ventricular forces, and by polycythemia of minimal degree.
Initial relief of cyanosis, polycythemia, and exercise intolerance was good to excellent in 22, fair in four, and poor in two of the 28 The adequacy of total pulmonary flow after surgery in the 28 immediate survivors correlated with the preoperative severity of obstruction to right ventricular outflow. Of the patients with pulmonary atresia, about half (6 of 13) achieved adequate flow. When some forward flow from the right ventricle to the main pulmonary artery was present (pulmonary stenosis), the chances of symptomatic improvement after surgery were distinctly better; 13 of 15 such patients had an increase in pulmonary flow.
In this series, the surgeons deliberately tried to prevent an oversized anastomosis and the complications of cardiomegaly, cardiac failure and pulmonary hypertension. In the newborns with markedly diminished pulmonary blood flow and small right pulmonary artery, the problem was not so much that of creating too large an anastomosis as of trying to prevent too small an opening which could become obstructed by a thrombus. In the older infants and children, the surgeons were careful to avoid making an orifice greater than 4-5 mm in diameter. Nevertheless, this complication of too large an anastomosis did occur in 11 patients, either immediately or after a few months. Two immediate deaths were due to cardiac failure from too large a shunt. Of 28 patients who survived longer than two weeks postoperatively, nine developed pulmonary overcirculation and cardiomegaly, documented by radiology, as well as left ventricular hypertrophy, documented by electrocardiographic results. Six required treatment for congestive heart failure and two died. One was an 11-year-old boy, previously mentioned ( fig. 1 ), whose pulmonary arterial pressure was at systemic level seven months after the Waterston shunt. He had severe pulmonary hypertensive angiopathy at postmortem examination nine months following the surgery. Two who developed excessive pulmonary blood flow were newborns, aged two and three days respectively, at the time of surgery. Heart failure developed at the age of six weeks, a time lag coincident with the period of physiologic drop of pulmonary vascular resistance.
Anatomic Effects
At each operation the surgeon performed the anastomosis as posterior as possible on the aortic wall. Although over-all pulmonary flow was clinically adequate in 22 of 28 immediate survivors, unequal distribution of blood into the two lungs, with preferential flow to the right lung, was often noted ( figs. 1-4) . This disproportionate division of pulmonary blood flow was Contrast flows into overriding aorta and through the subt and valvular pulmonic stenosis into the main and left pult artery, but not into the right pulmonary artery beyond the z its anastomosis to the aorta. Arrow indicates this abrupt cu lateral view, contrast is also seen traversing the high ventricu, tal defect. The main and left pulmonary artery are opacifi found to be due to kinking at the anastomotic that blood flowed from the aorta into the dista pulmonary artery but less well or not at all in proximal portion of the right pulmonary arter across into the left branch.
Kinking of Anastomosis
Kinking could be evaluated reliably in site so in eight, and with a nonfunctioning anastomosis in four. With maximal angulation there was complete occlusion and interruption of the continuity between the distal and proximal portions of the right pulmonary artery (figs. 2-4). The proximal right pulmonary artery was continuous with the main pulmonary artery and the left branch ( fig. 2) . The distal right pulmonary artery was in communication only with the aorta through the Waterston anastomosis ( figs. 3, 4) .
Severe kinking occurred more often in patients in whom the anastomosis was performed early in infancy than at an older age ( Severe kinking with interruption of continuity of right pulmonary artery in five-year-old girl, C.G., whose right ventricular injection at this study showed complete obliteration of the right ventricular outflow tract that had been stenosed but patent at the age offive days when the Waterston shunt was created. Selective injections into left ventricle (left panel) and at the aortic stoma of the Waterston shunt (right panel). Note that from the left ventricle, only the aorta and large right pulmonary artery are opacifled. Selective catheterization of the stoma of the Waterston also shows large flow only to right pulmonary artery. In comparisorn with figure 3 , there is greater shunt of blood into this right lung, but the flow is not so excessive as in figure 1. In six patients the right ventricular outflow tract was enlarged by a pericardial patch. In two the patch extended across the pulmonary ring.
The tenth child to undergo open-heart surgery had pulmonary atresia and died after a Rastelli procedure to place a graft from the outflow tract of the right ventricle to the main pulmonary artery and a smaller graft to the hypoplastic left pulmonary artery. Because of the uneven distribution of pulmonary blood flow, with less going to the left lung than to the right, the left pulmonary artery had not enlarged as we had hoped when the Waterston shunt was employed.
The high death rate (40%) in these ten children with tetralogy of Fallot contrasted with the mortality rate of less than 5% in a consecutive, concurrent series of 50 patients undergoing open-heart repair during this same period of 1971-73.
The heightened risk of subsequent surgery was related to one or more of these aforementioned effects of the Waterston shunt that were not anticipated when the operative technique was introduced: (1) angulation of the right pulmonary artery so that blood flow was increased more to the right lung than the left, with effects on the right pulmonary artery of this intravascular obstruction that ranged from hyperten-( iotefo X di e (1, \Augusft I 19. sive pulmonary angiopathy to complete obliteration of the right pulmonary arterial tree, and (2) concommitant worsening of intraventricular obstruction so that right ventricular outflow to the main and left pulmonary artery became less effective.
Discussion
Although covering a much shorter period, the results of this follow-up on survival of children who had a Waterston anastomosis may be compared to the long-term results of anastomosis of the subelavian-topulmonary artery (Blalock-Taussig) and the descending aorta-to-left pulmonary artery (Potts-Smith).
Now there is more emphasis on salvage of the sick, cyanotic newborn by early palliative surgery than in the 1950s and 1960s when the Blalock-Taussig and Potts anastomoses were the principal procedures available and when these sick babies often did not come to corrective surgery. White et al., in their report on 500 patients with the Blalock-Taussig anastomosis in a comparable number of years of postoperative follow-up, but at a time when openheart repair was not yet available, concluded that patients who obtained good results from the shunt had a 67% chance for the maintenance of that improvement five to eight years after operation.6 Pulmonary hypertension was found in only a small number, approximately 1%.' 8 A well-recognized limitation of the Blalock-Taussig shunt was nonfunction in young infants needing operation. This was due to the small size of the subclavian artery and also of the pulmonary artery.6`8 Anastomosis of the aorta by means of Potts or Waterston anastomosis overcame the limitation of the small size of the systemic artery in infants, but carried with it the possibility of creating too large an anastomosis. In the 1950s and the early 1960s the Potts anastomosis was widely used for palliation of these small babies.9 Long-term follow-up findings on the Potts anastomosis were disappointing because of three developments unforeseen at the time the operation: 1) the development of pulmonary vascular obstructive disease following too large an anastomosis, 2) the difficulty of takedown of the shunt during later open-heart surgery, and 3) progressive severity of obstruction to right ventricular outflow. In their review of 112 patients who underwent cardiac catheterization at various intervals up to 20 years after the Potts anastomosis, Cole et al. found 16 cases with elevated pulmonary vascular resistance, an incidence of 14.3%.1`Bernuth et al. reported on 13 cases of pulmonary vascular obstructive disease out of 26 patients with tetralogy of Fallot and a Potts shunt who were catheterized for evaluation for open-heart repair.`I t is reasonable to expect that the incidence of pulmonary vascular obstructive disease following a Waterston anastomosis will be similar to that after a Potts anastomosis since it is the size rather than the site of the aortico-pulmonary anastomosis that determines this complication. In the early years of the Potts operation an anastomosis of 8-9.5 mm was originally recommended.9 Those patients were generally older than most patients undergoing the Waterston operation today. In Potts' original series, 25 It has been our experience, as well as that of others,26' 27 that takedown of the Waterston shunt also complicates subsequent open-heart repair considerably. Because of the relatively small numbers of patients with a Waterston shunt who have later needed intracardiac repair, only further experience will tell whether morbidity and mortality will indeed be lower in most surgeons' hands than following obliteration of a Potts anastomosis.
It was originally envisioned that transaortic closure of the stoma would be the standard approach for takedown of the Waterston anastomosis during intracardiac repair.2' 3, 28 Because of the kinking, however, and of the need to create or preserve patency of the right pulmonary artery, this approach could be utilized in only one of the ten patients herein reported.
In planning for open-heart repair in a patient with tetralogy and a Waterston anastomosis we believe it is essential to perform complete cardiac catheterization with selective contrast visualization not only to evaluate the septal defect, overriding aorta, and the precise anatomy of the right ventricular outflow tract and pulmonary arterial tree, but also to identify the presence and degree of kinking of the anastomosis.
Angiocardiographic recognition of interruption between the right and left pulmonary artery following a Waterston anastomosis can best be achieved by selective injection of contrast material into two sites: 1) the ascending aorta close to the stoma of the shunt (figs. 3 and 4), and 2) the main pulmonary artery (if there is no pulmonary atresia). In the tetralogy of Fallot, injection into the right ventricle alone may be followed by simultaneous opacification of the ascending aorta and the main pulmonary artery. When there is discontinuity between the two main branches of the pulmonary artery, the distal right pulmonary artery can fill from the ascending aorta while the proximal right and left branch can fill from the main pulmonary artery. Thus, both branches can be opacified and the diagnosis of discontinuity between the two may be missed. At the time of opacification of the main pulmonary artery one should look for the stump where the proximal right pulmonary artery narrows or terminates ( fig. 2) .
The progression from pulmonary stenosis to a more marked degree of obstruction and even to pulmonary atresia following a successful palliative shunt to increase flow to the lungs was not an unexpected occurrence after a Waterston procedure. It Choice of a palliative procedure to increase pulmonary blood flow is based on the early and longterm effects just considered. In addition, when such palliation is to be undertaken, the choice of anastomosis is determined by several other factors such as the position of the great arteries, the direction of the aortic arch, and the size of the right or left pulmonary artery. For example, with antero-lateral position of the aorta in corrected transposition of the great arteries and a functional tetralogy, a Waterston anastomosis is quite difficult to construct and is unlikely to function, while in a tetralogy with right aortic arch, a Potts anastomosis cannot be accomplished. The choice of anastomosis is also influenced by the present anticipation that a palliative anastomosis for a basically uncorrectable lesion may not need subsequent takedown at all.
Among the various palliative procedures, the complication of kinking is unique to the anastomosis of ascending aorta to the right pulmonary artery. This development seems to be related to growth of the baby and with realignment of the anastomosed arteries rather than to the manner of performing the anastomosis. The operations in this report were performed by several surgeons, all of whom attempted to make the anastomosis as far posteriorly on the right side of the ascending aorta as possible.
When the anastomosis is between the left descending aorta and left pulmonary artery (Potts anastomosis), blood flows into the right as well as the left branch. Furthermore, there is no risk of postpericardiotomy syndrome after an extrapericardial anastomosis.
We believe that in saving most severely cyanotic infants with decreased pulmonary blood flow who are under the age of three months, the Waterston shunt is more effective than the Blalock-Taussig anastomosis, and unlike the Potts anastomosis, it can be carried out in those with a right aortic arch as well as in the larger number with a left arch. The Waterston procedure, however, is associated with or followed by certain complications. Early, the anastomosis may fail to function, and there is the risk of morbidity and even death from the postpericardiotomy syndrome. 
